Introduction
Zinc sulphide is one of the typical members of II-VI compounds. Its direct and wide band gap promises a good application in the optoelectronic and luminophor field, especially operating in the short wavelength visible region [1] [2] [3] . From the application point of view, ZnS should be doped with many different suitable kinds of activation or/and coactivators. In general these dopants and the vacancies created during doping process can become the efficient luminescent centres, which are single or complex together. Aluminium is an important coactivator when codoping with the activators such as Ag or Cu [4, 5] . Moreover, in ZnS crystal Al can act as a donor and as a component in the aluminium-zinc vacancy (VZn) complex, which is responsible for the very well-known emission being the socalled SA band [6] [7] [8] . Depending on the impurities and lattice damage states of ZnS crystals there exist some luminescence bands at high energy side of the usual SA. For example, the B-Cu band peaking at 450 nm of ZnS : Cu [9] and of ZnS : Cu,Mn [10] ; the HB band at 3.05 eV of cubic ZnS : Cl [11] ; an unidentified emission band near 2.88 eV observed occasionally on ZnS :Al [12, 13] ; the lB band peaking at 2.91 eV of undoped ZnS [14] and at about 2.87 eV of the ion implanted ZnS :Al crystals [6] ; the blue band peaking at 425 nm for undoped ZnS [15] and 430 nm for Cu-, Ag-, Mn-doped ZnS [8, 16] . We will discuss these emissions more clearly later. Among the above bands there is a band family originated from the centres associated with the same Zn-vacancy type. VZn can be created by many different manners, e.g. by ion implantation or by heat treatment [6, 16] . Treatments of crystals in different ambient conditions will change the vacancy concentrations. In such a case it is possible to study more separately the emission band originated from the centre, which is associated with the VZn lattice damage. We have already reported the lB emission of undoped ZnS [14] , but only some preliminary results of Al-doped ZnS, and confirmed that Zn-vacancy played a very important role in the configuration of the IB centre [6] .
The purpose of this paper is to determine the detailed parameters as well as properties of the IB band in Al-doped ZnS crystals, which were as-grown and heat treated. We are also trying to identify it with some emission bands observed occasionally in pure and doped ZnS crystals on the basis of the nature of the transitions. An energy diagram and electronic transitions in the lB centre are presented to explain the experimental results.
Experimental
The samples for investigation were cut from the bulk Al-doped ZnS single crystal, which was grown by melting method. The aluminium concentration was assumed to be of 10 17 cm-3 from the starting material ratios. In order to control the lattice damage concentration, some treatment technologies were applied to the samples as follows:
-Heat treatment in molten zinc for 74 hours at 9000C to purify and to perfect crystal (i.e. the solvent extraction purification method [17] , herein we call it the sample type I); -Annealing at 400°C under saturated Zn vapour to reduce Zn-vacancy amount (we call it the sample type II); -Annealing at 400°C under H2 stream to increase Zn-vacancy concentration (sample type III). The annealing and heat treatment experiments have been described in our previous paper [6] . All the above samples were investigated by photoluminescence (PL) techniques included both stationary (herein we call it dc-PL) and pulsed excitations. In the case of dc-PL the excitation rate is estimated to be about 10 mW/cm2 , while that in the case of pulsed excitation changed in four orders of magnitude from 200 kW/cm2 down to 20 W/cm2 . Some different features of the time-resolved technique would be profited to study the nature of the emission bands. These PL techniques have been clearly described in Ref. [14] . The sample temperatures could be varied from 300 Κ down to 10 Κ by using a helium cryostat of Chemical Cryogenics Incorporation.
In order to determine the characteristic absorption of the deep centres within the band gap, a thermal lensing technique was performed. This is considered as one of the supersensitive methods to study the weak nonradiative transitions, which are correspondent to the absorption coefficient as small as 10 -5 cm-1 . Due to supersensitivity the thermal lensing technique has been efficiently used to study two-photon absorption in molecules [18, 19] and firstly applied to the investigation of semiconductor [20] . Briefly, the principle of the method can be demonstrated as follows: when material absorbs energy from a laser beam at least a fraction of this optical excitation energy will be deformed into heat. If the laser beam has Gaussian intensity distribution the temperature field of medium should . change with the same Gaussian shape. Each material has a specific coefficient dn/dT, which describes the variation of refractive index with temperature. This leads to a formation of a thermal microlens inside the medium when it is heated by laser beam. Now, if a second laser beam passes transparently through such area it will be diverged or focused depending on the value of dn/dT being negative or positive, respectively. The first laser is the socalled heating beam, which is normally a pulsed dye laser. The second one is the socalled probe beam being generally He-Ne laser. The variation of intensity of probe beam detected in the central spot far away from the sample will be proportional to the absorption of material. Therefore, an absorption-like spectrum against the excitation energy can be registered. In our thermal lensing experiment energy of the heating beam varied from 2.5 to 3.0 eV, which covered enough the absorption range of the IB band. Due to sublimation causing roughness of a sample surface, which affects strongly the signal, some precautions must be taken in order to present the attenuation of the excitation intensity by the calibrated neutral-density fllters and lenses. The theoretical treatment of the experimental results, i.e. calculations, fitting procedures, etc. have been described elsewhere [14] .
Results and discussions
In all of the undoped and doped ZnS crystals at 300 K and 77 K under stationary excitation by 365 nm light of mercury high pressure lamp we obtained only the SA emission band, although its intensity varied from sample to sample. The SA band, in our case peaking at about 2.65 eV at 77 K, has the spectroscopic parameters and characteristic properties such as peak energy, spectral half width as well as a shift positively following the sample temperature, etc. the same as those in the literature [7, 8] . When the samples are excited by 333 nm the IB band appears obviously at liquid nitrogen or lower temperature. Figure 1 shows dc-PL spectrum at 77 K of as-grown Al-doped ZnS crystal excited by 333 nm line of mercury lamp. Using the computation techniques mentioned above and the determined data of the SA band we could do a curve fitting to receive fairly the IB emission band peaking at around 2.89 eV. The lB emissions in all the samples are identified on the basis of the spectrum characteristics such as peak energy, spectral half width as well as specific PL excitation (PLE) spectra (Fig. 1B) . It can be seen while comparing the intensities of the IB (ΙΙ Β) and SA (ISA) bands of this sample to those of undoped ZnS [14] that IIB/ISA ratio is smaller in this case. This is quite understandable because in the present study the samples are doped with Al, which enhances the SA emission. The above intensity ratio of the type I sample is the smallest, while that of type III or as-grown samples is the largest; it is intermediate for the sample type H. Τo explain this effect it must be remembered that Zn-vacancy played a very important role in the lB centre configuration [6] and its concentration varied in the samples undergone heat treatments. In our opinion, in as-grown crystals a lot of thermally induced vacancies always exist. This is the reason why the IB emission band appears strongly in these crystals.
From PLE spectum it can be seen that the nitrogen laser is very suitable to excite the lB luminescence. The PL lifetime measurements of all samples at 300 and 77 K were done with a pulsed nitrogen laser excitation. The respectively obtained values of the lB luminescence are 110 and 400 ns, which are much smaller than those of the SA emission, namely 2.4 and 4 μs. From this difference of lifetimes it is convenient to study distinguishably PL of each the IB or SA bands by the time-resolved PL technique. Figure 2 shows the time-resolved PL spectra of as-grown Al-doped ZnS crystal at 77 K excited by the pulsed nitrogen laser. It can be clearly seen that PL recorded just after excitation is almost the IB, while that recorded delaying 2.4 s after the excitation is the SA band only. The curve fittings for the IB and SA bands are also presented showing very good agreement between the experimental data and Gaussian distribution. In the present paper the IB band is separately deducted from the common spectrum by the time-resolved technique so that its proper parameters can be determined accurately more than those of the primary paper [6] .
We try to profit some different features of the time-resolved technique to research the nature of the lB emission in Al-doped ZnS crystals. The pulsed nitrogen laser was used as the excitation source in two different series of experiments performed as follows:
(i) Keeping the same specifled delay time after excitation (at 0, 30, 50, 100 ns long to 2400 ns elapsed) to measure the spectrum shift following excitation rates from 200 kW/cm2 down to 20 W/cm 2 . This is the socalled J-shift. The results showed that the IB emission peak moved very slightly to the lower energy side corresponding to the lower excitation rate, while the common half width was expanded. The curve flts for the IB and SA bands were carried out in order to separate these components. The final results showed that only the SA band shifted as a consequence of donor-acceptor (D-A) pair transitions, but the lB band did not move at all. The slight J-shift shown above is caused by a superposition of the SA and IB bands. From the results obtained in this experimental series it can be also drawn the luminescence intensity dependence on the excitation intensity. The emission intensity of the SA band varied almost linearly on the excitation rate change and occupied a small range in the normalized spectra only (see Fig. 2a  typically) . The lB emission, in other way, depends superlinearly on the excitation rate. Figure 3 shows curves based on the equation I α Lk, where I is the lB emission intensity, L is the excitation intensity and k is the superlinear coefficient. The values of k = 1.6, 1.45 and 1.4 were received for ZnS : Al crystals at 300, 77, and 10 K, respectively. These k values are slightly smaller than those of the undoped samples [14] , probably because of the fact that the SA centre operated as an energy dissipated channel. It can be seen that intensity quenching of the lB emission is rather strong and becomes stronger at higher temperature. On the basis of such facts as the larger k value and shorter lifetime of the lB emission at higher temperature it is possible to understand why in most dc-PL spectra the IB band was not clearly visible beside the SA band.
(ii) Keeping the excitation at a fixed rate to measure the spectrum shift following a delay time after excitation. This is the socalled t-shift. The time-resolved spectra were recorded at different delay times 0, 30, 50, 100, 150, 300, 600, 1000, 1500 and 2400 ns after excitation and at the sample temperatures of 300, 77 and 10 K. The results of this experimental series were similar to those of the J-shift ones, e.g. a small movement of the common peak was caused by the superposition of the SA on the decayed lB emission. The lower excitation rate, the larger t-shift is consequently a share of the band superposition and the superlinear excitation intensity dependence of the lB luminescence. However, all of these shifts are very small and result in an expansion of the common spectum. For much longer delays, only the SA band could be observed and was shifted following delay times as a consequence of D-A transitions. The curve fitting for the lB and SA bands showed that there is no t-shift of the lB band.
In addition to the shift behaviour of the IB emission, we measured the band shift following temperatures (it is the socalled T-shift) from 300 K down to 10 K. The lB emission was recorded at a fixed moment just after excitation. There is no T-shift of the IB band, either.
The parameters and properties of the IB band in ZnS : Al are collected in Table. Εp is the peak energy and W is the half width of the lB band; τ is the lifetime of the lB transition. The J-, t-, and T-shifts of the luminescence spectra have a usual meaning as explained above and in other publications.
We now discuss the transitions responsible for the IB emission in more detail. Due to the Coulomb term e2 /εr (herein ε is the static dielectric constant and r is the D-A pair separation) added to the radiative energy of D-A pair recombination the signs for recognition, if the transition belongs to D-A pairs, are the J -shift and t-shift behaviours of the spectra. The concentration of the D-A pairs changes the average pair distance r so that it contributes to the shift of the band, too [15] . From all the obtained results shown no peak shift with the mentioned parameters we can confirm that the nature of the lB transition is unlikely D-A pair recombination. It must be kept in mind here that our samples were intentionally doped with aluminium, which is potentially to result in a donor state in II-VI compounds and furthermore giving rise to D-A recombination. However, this did not happen to the lB emission, giving the meaning that Al was probably involved in a complex. It was also stated that VZn played a very important role in the lB centre configuration [6] . Thus the complex corresponding to the IB centre would consist of VZ n and Al but seems unlikely to be the pure A-centre, i.e. the neutrally charged (VZ n -AlZ n ) complex as the one described in Ref. [21] , due to the following reasons: flrstly, if it could take part in the D-A pair as an acceptor, the A-centre would lave to lead to the SA emission; secondly, the energy depth 0.1 eV [22] below the conduction band of Al donor is too small as compared to the difference between peak energies of the SA and IB bands. Therefore, the transition of electron from the conduction band to the A-centre acceptor alone could not result in the lB band. We propose here a model of the deep acceptor responsible for the IB transition to be more complicated than a complex of the singly negatively charged A-center (VZ n -AlZ n )
-and an unidentified part involved in other lattice defects. Concretely the IB centre is symbolized as [(VZ n -AlZ n ) -+. The singly negatively charged A-center acceptor lies at about 3.4 eV below the conduction band, which corresponds to the characteristic excitation of the SA emission [6] . The peak energy of the lB band in Al-doped ZnS locates at 2.89 eV being slightly smaller than that in the undoped crystals (i.e. 2.91 eV [14] or 425 nm [15] ). This result is quite reasonable due to the fact that the more complex IB centre can induce the deeper acceptor in the band gap. Some other consequences affected the IB emission by aluminium dopant in ZnS crystal can be observable to be as the slight shorter lifetime and broader spectral half width as compared to those of the undoped one. In order to determine the energy level corresponding to the lB centre the absorption spectra of the Al-doped ZnS samples were measured. In Fig. 4 the absorption-like spectrum measured by the thermal lensing technique is shown. It is clearly seen that there is only one band peaking at almost the same energy as that of the emission. This is the direct absorption by the IB centre. The lack of other absorption bands in the lower energy side means that there is only the transition of electron from the deep acceptor to the conduction band, but not to the donor levels at all.
Basing on all the spectroscopy characteristics and properties obtained for the IB band, the transitions resulted in the IB emission can be illustrated in Fig. 5 . The numbers marked the ordinal transitions, which were clearly explained in Ref. [14] . Briefly, the transitions in Depending on the concentrations of the donors and acception in the crystals, the presented model could explain the superlinear excitation intensity dependence of the IB luminescence. The superlinear dependence on the excitation of the deep centre PL has been also observed in CdS [23] . Some publications have reported a superlinear excitation power dependence of the near band edge PL of CdTe compound [24, 25] . It can be estimated that the excitonic processes would result in an emission with a quadratic dependence on the excitation rate if this excita-tion causes the electron concentration in the conduction band being equal to the concentration of holes in the valence band and there is no other nonradiative relaxation channels [24] . In our case, the IB PL yielded from the transitions between the deep acceptor and two conduction and valence bands so that it is possible to apply the theory proposed for the excitonic processes, of course with some different initial conditions. The existence of some certain relaxation channels (e.g. the SA) leads to the superlinear dependence on the excitation rate of the IB emission with the coefficient k lying between 1 and 2.
In the past, some authors wrote sketchily about an existence of a luminescence band, which we are trying to identify with the lB band as below. When measuring the decay characteristics of the SA emission in ZnS : Cl the fast decay component with a time constant being about 400 ns at 77 Κ was shown in Ref. [26] . During the study by time-resolved optically detected magnetic resonance (ODMR) in ZnS : Al,I the small contribution at 430 nm at a short delay time showed no shift with increasing delay time and would be attributed to D-A transition of Cu-blue centre relaxed after annealing [8] . Perhaps this band was unreasonably attributed to the Cu-blue centre, because the Cu-blue emission has been well identified peaking at 450 nm [9, 10] . The unidentifled emission band near 2.88 eV observed occasionally on ZnS : Al without peak position shift in the time-resolved experiments was shown [12, 13] . In our opinion, in each of the above papers [6, 8, 12, 13, 26] the authors partly studied the characteristics of the same blue emission band, which we identified as the IB band in the doped ZnS crystals. In Ref. [14] the IB luminescence band has been identified for the undoped-ZnS samples. It is possible to assign the name IB for the blue emission band peaking at 2.89 eV (430 nm [8, 16] , 2.88 eV [12, 13] ) of the doped and at 2.91 eV (425 nm [15] ) of the undoped ZnS on the basis of the same native Zn-vacancy involved in the centre and the same spectroscopy characteristics.
Conclusions
The time-resolved spectroscopy and thermal lensing techniques are applied to the study of deep centre photoluminescence and absorption in Al-doped ZnS crystals. On the higher energy side of the usual SA emission there exists the blue emission band named the lB. This band of the Al-doped ZnS crystals has been studied relatively in detail. Basing on the spectroscopy characteristics such as peak energy, radiative life, as well as spectral half width and properties such as no J-shift, no t-shift, etc., of the lB emission we have tried to identify it with some emission bands observed occasionally or studied sketchily in the pure and doped ZnS crystals. The experimental results support the model conduction band-acceptor transitions of the IB luminescence. This deep acceptor is proposed to be the complex of the singly negatively charged A-center and the unidentified part, which is involved in other lattice defects. The energy diagram and electronic transitions in the IB centre are presented. In our opinion, the IΒ centre exists and has been systematized in the undoped or doped ZnS crystals; it has native nature like the SA centre case. Investigations of the electronic and atomic stuctures of the IB centre can be efficiently performed by the polarised PL, EPR or ODMR experiments.
